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Precision measurements of the quantum Hall resistance with alternating current (ac) in the kHz range 
were performed on epitaxial graphene in order to assess its suitability as a quantum standard of imped-
ance. The quantum Hall plateaus measured with alternating current were found to be flat within one part 
in 107. This is much better than for plain GaAs quantum Hall devices and shows that the magnetic-flux-
dependent capacitive ac losses of the graphene device are less critical. The observed frequency depend-
ence of about -8×10-8/kHz is comparable in absolute value to the positive frequency dependence of plain 
GaAs devices, but the negative sign is attributed to stray capacitances which we believe can be minimized 
by a careful design of the graphene device. Further improvements thus may lead to a simpler and more 
user-friendly quantum standard for both resistance and impedance. 
 
Graphene is probably the most fascinating electronic ma-
terial discovered in the last decades [1-3]. Among its various 
unique properties, an anomalous ‘half-integer’ quantum Hall 
effect (QHE) is most interesting for metrology, where the fact 
that the Hall resistance is quantized and depends only on fun-
damental constants is utilized for the representation and main-
tenance of the resistance unit, the ohm. Typically, two-
dimensional electron systems (2DES) realized in 
GaAs/AlGaAs heterostructures [4] are used for this purpose. 
The required relative measurement uncertainty of better than 1 
part in 108 is, however, only obtained at strong magnetic fields 
around 10 tesla and at temperatures of 1.4 kelvin and below. In 
contrast, in graphene the cyclotron energy splitting between 
the Landau levels (which is the main factor determining the 
robustness of the quantized Hall resistance (QHR)) is so large 
that fingerprints of the QHE are even observed at room tem-
perature [5]. Thus, with graphene a highly precise QHR stand-
ard working at low magnetic fields and temperatures above 4 
kelvin is conceivable, which would be an enormous advantage 
for practical metrology. In fact, when measuring with direct 
current (dc), it has been demonstrated already that the preci-
sion of the QHE in high quality graphene devices matches that 
of GaAs devices [6-9]. However, in the forthcoming funda-
mental constant-based redefinition of the Système Internation-
al d’Unités (SI) [10], also the impedance units (capacitance 
and inductance) will be traced to fundamental constants [11]. 
The most direct way to represent the impedance units is to use 
a quantum Hall resistance measured with alternating current 
(ac QHR). This has two advantages. Firstly, deriving the re-
sistance and impedance units from the same quantum effect 
improves the consistency of the SI. And secondly, using the 
same QHE device at dc and at ac in one and the same 
cryomagnetic system would constitute a practical and econom-
ical advantage. Therefore, the question naturally arises whether 
graphene can replace GaAs also in the realm of impedance 
units, leading to an at least equally precise, but more user-
friendly and widely usable quantum impedance standard, ap-
plicable even in industry and calibration service labs.  
In this paper, we demonstrate precision ac measurements 
of the QHE in graphene. The precision achieved cannot be 
taken for granted as experience with early ac QHR measure-
ments on GaAs devices has shown [12]. While there is no 
theoretical evidence or prediction that the quantized Hall re-
sistance should exhibit significant inherent frequency depend-
ence in the range of a few kHz, the capacitive coupling of the 
2DES to the unavoidable metallic environment as well as 
within the device itself can limit measurement uncertainty. 
Strictly speaking, it is the dissipation factor of parasitic capaci-
tances which can lead to frequency-dependent deformations of 
the QHR plateaus and to deviations from the quantized dc 
resistance value. To eliminate the influence of these parasitic 
capacitances in the case of GaAs devices, a double-shielding 
method and an alternative extrapolation method had been 
developed to achieve an uncertainty comparable to dc re-
sistance calibrations [13,14]. Both methods are elaborate and 
therefore not widely used. Our first results obtained with 
graphene devices are unexpectedly good and in fact even better 
than those of plain (i.e. not specially shielded) GaAs devices. 
They demonstrate that it is indeed promising to develop a 
graphene-based impedance standard which is much less affect-
ed by capacitive effects and can possibly be applied without 
the elaborate methods required for GaAs, and at the same time 
can be operated under the same relaxed temperature and mag-
netic field requirements as are envisioned for the application of 
graphene as a dc resistance standard [6-9].  
The measurements presented in this study were carried 
out on a large-area Hall bar device (800 µm x 200 µm) litho-
graphically patterned on a graphene film grown on the silicon-
terminated face of a 4H silicon carbide substrate [15]. The film 
had been grown in argon at atmospheric pressure, at a tempera-
ture of 1650 °C within 5 minutes. Its thickness and quality 
were assessed by Auger spectroscopy, utilizing the Si to C 
peak ratio [16] to confirm the presence of single layer 
graphene. According to these measurements the total coverage 
of the SiC surface by graphene was a bit less than one which 
means that the growth process was completed before the se-
cond graphene layer started to grow. From Raman spectra, a 
2D-peak width of 40 cm-1 also supports the presence of mono-
layer graphene [17]. Laser photolithography was utilized for 
the patterning of Hall bars and contacts. The graphene sur-
rounding the Hall bars was completely removed by reactive 
ion etching in argon-oxygen plasma to minimize unwanted 
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capacitive coupling between the Hall device and the surround-
ing areas of unused graphene. The direction of the Hall bars 
was aligned parallel to the terrace edges of the SiC substrate. 
Stable and low-resistance contacts were fabricated by a two-
step Ti/Au (5/50 nm) metallization process using e-beam li-
thography and liftoff photolithography. Photochemical gating 
[18] was applied to tune the charge-carrier concentration by 
covering the sample with two polymers (first 300 nm PMMA 
resist and second 300 nm ZEP520A resist) and subsequent UV 
irradiation. More details of sample processing are described in 
[15]. To tune the carrier concentration to a state with optimal 
quantization at reasonably low magnetic flux densities, the 
sample underwent iterative cycles of UV illumination, dc 
resistance measurements at low temperatures, and (if illumi-
nated for too long) thermal recycling at 170 °C (for 15 
minutes). 
All measurements were carried out with the device in 
liquid 3He of bath temperature T = 0.7 K [19] in a cryostat 
system equipped with a superconducting solenoid and coaxial 
measuring leads. A schematic drawing of the contacted device 
is shown in Fig. 1a.  Four-terminal dc measurements of the 
Hall resistance Rxy (at contact pair 7, 3) and the longitudinal 
resistance Rxx (at contact pair 8, 7) were performed by a 6½-
digit scanning voltmeter while the source-drain current 
(Idc = 10 µA between contacts 1, 5) was provided by a battery-
operated current source. A well-pronounced plateau for filling 
factor ν = 2 and a vanishing longitudinal resistance are ob-
served at a magnetic flux density above B ≈ 8 T (Fig. 2), 
providing the most direct evidence [1] that the device indeed 
consists of monolayer graphene. From the slope of the Hall 
resistance at low magnetic flux densities (see the dashed line in 
Fig. 2), the electron concentration of the device was deter-
mined as n = 6.3×1011 cm-2, predicting ν = 2 at around 
B = 13 T (disregarding the fact that the ν = 2 state continues to 
much higher magnetic flux densities due to the Fermi level 
pinning effect reported in [20]). The electron mobility of 
µ  = 1730 cm2/Vs was determined from n and Rxx at zero mag-
netic field. A precision dc measurement of Rxy with a Cryogen-
ic Current Comparator bridge (CCC) was performed at 
B = 13.5 T, applying a current of Idc = 30 µA. The Hall re-
sistance was measured against a 100 Ω reference resistor 
which in turn had been calibrated against a GaAs quantum 
Hall device. The measurement revealed an excellent quantiza-
tion of the ν = 2 plateau within an uncertainty of 7 parts in 109 
(coverage factor k = 1), revealing the very good dc characteris-
tics of this graphene device. 
For ac measurements, an in-house developed four-
terminal-pair coaxial ac resistance bridge whose design is 
described elsewhere [21] was used to compare the quantum 
Hall resistance of the graphene device with a 12.9 kΩ 
reference resistor which, in turn, had been measured at ac 
against well-characterized double-shielded GaAs QHR 
devices. Here, the graphene device was connected according to 
the triple-series connection scheme [22,23] (Fig. 1b), in which 
the respective equipotential terminals (contacts 1, 7, 8 and 
contacts 3, 4, 5) are connected outside of the cryostat to the 
nodes A and B, respectively. Such a connection scheme is 
standard for precision ac measurements of the QHR, since, due 
to the properties of the QHE, the current in the middle 
potential leads is practically zero, similar to a four-terminal-
pair measurement of a conventional resistor. A four-terminal-
pair ac measurement of the QHR (with connections as in 
Fig. 1a) would suffer a considerable error because the 
impedance between associated current and potential terminals 
is not low but equal to the Hall resistance [21]. Note that for ac 
measurements bond wires of unused contacts (contacts 2 and 6 
in our case) have to be removed, because otherwise the open-
circuited lead capacitances would draw considerable ac 
currents through the device. These currents do not contribute 
to the current measurement, but cause an additional Hall 
voltage which would lead to a wrong Hall resistance [21]. 
Figure 3a shows precision ac measurements of the QHR 
at the ν = 2 plateau of the graphene device, presented as the 
relative deviation ∆r = (Rxy - RK/2)/(RK/2) from RK/2 = h/2e2. A 
typical ac QHR plateau of a GaAs device is shown for 
comparison in Fig. 3b. Note that no double-shielding method is 
FIG. 1. (a) Scheme of the QHR device connected for the four-
terminal dc measurement of Rxy. Rxx is measured at contacts 8 and 
7, respectively. (b) Triple-series connection scheme for ac meas-
urement of the QHR.   
FIG. 2. Hall resistance (left-hand scale) and longitudinal resistance 
(right-hand scale) of a SiC-graphene device measured at a bath tem-
perature of T = 0.7 K and a direct current of Idc = 10 µA. The dashed 
line indicates the slope of the Hall resistance at low magnetic flux 
densities. 
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applied in these measurements and that only the GaAs device 
had a metal backplane (which was standard before the double-
shielding and extrapolation methods were developed). Several 
remarkable differences are striking. First of all, the graphene 
plateau is flat within 1 part in 107, or even better, at all 
measured frequencies over a range of several tesla, exhibiting 
no frequency-dependent curvature. In contrast, GaAs devices 
show a strong plateau curvature proportional to frequency [24] 
which originates from the dissipative part of the capacitances 
between the 2DES and surrounding metals [25]. In GaAs 
devices, this effect compromises the precision of the 
application as an impedance standard unless it is eliminated by 
the double-shielding method [13]. In the graphene device, 
however, the magnetic-flux-dependent capacitive dissipation is 
very small even without any counteraction. This could be due 
to the smaller Hall bar size (800 µm × 200 µm, compared to 
2600 µm × 800 µm for GaAs), the absence of a metallic 
backplane on the chip carrier (present in the GaAs device), 
and/or a smaller dissipation factor of the capacitance between 
the 2DES and surrounding metals. A second remarkable 
difference is that the graphene plateau is much wider than in 
GaAs devices. This was first observed by Janssen et al. [20] in 
dc QHR measurements and is explained by charge transfer 
between the substrate and the epitaxial graphene pinning the 
filling factor over a wide range of magnetic flux density. 
Furthermore, and similar to GaAs devices not double 
shielded, the quantized Hall resistance of the graphene device 
exhibits a linear frequency dependence, as presented in Fig. 4. 
The superimposed resonance at f = 3.3 kHz is an artifact which 
we attribute to bond wire resonances. Such resonances are 
particularly seen in each ac contact resistance measurement 
and their amplitudes converge to zero with decreasing magnet-
ic flux density. This clearly shows that the resonances are 
caused by current-driven electro-mechanical vibrations of 
bond wires in a magnetic field1 [26,27], and they are not relat-
                                                 
1
 The common solution of using two parallel bond wires of different length 
is not applicable here because, due to their small distance, the bond wires 
are coupled by their mutual inductance and still vibrate. 
ed to graphene. The bond wires are 5-6 mm long due to the 
small size of the Hall bar compared to the large chip and a 
carrier dedicated to dc measurements. This is already too long 
and future graphene devices for ac measurements will consider 
this aspect adequately. In the following, the data in the affected 
frequency range are not taken into account, and the uncertainty 
is increased appropriately. 
In general, a linear frequency dependence of the QHR is 
attributed to the dissipation factor of parasitic capacitances [12, 
25]. For the application as a quantum impedance standard, 
negligible frequency dependence is desired. Our graphene 
device shows a frequency coefficient of about -8×10-8/kHz 
(Fig. 4). The absolute value of this frequency coefficient is 
even lower than that of GaAs devices not double shielded and 
with a metal backplane (+50×10-8/kHz, see Fig. 3) [24] and 
comparable to that of GaAs devices not double shielded 
without a metal backplane. Furthermore, the frequency 
coefficient of the graphene device is negative whereas all 
FIG. 4. Frequency dependence of the quantized Hall resistance at 
B = 13.5 T (corresponding to ν = 2), at a bath temperature of T = 0.8 K 
and a current of I = 10 µA rms, measured as a function of frequency. 
The dashed line is a least-squares fit of a model function. The uncer-
tainty bars are ten times larger than the measurement uncertainty in 
order to account for the incomplete control of bond wire vibrations. 
FIG. 3. (a) Relative difference of the quantum Hall resistance at the graphene plateau ν = 2 from the quantized dc value, measured as a function 
of magnetic flux density at different frequencies as indicated, at a bath temperature of T = 0.8 K and a current of I = 10 µA rms. The noise of the 
measurement amounts to 1.2×10-8 and is mainly due to the thermal noise of the room-temperature reference resistor. (b) The corresponding 
measurement at a GaAs device with a metal backplane at a bath temperature of 0.3 K and a three times longer integration time. Note the different 
scales of the ordinates. 
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previously reported GaAs devices show a positive frequency 
coefficient [24, 12]. In fact, parasitic capacitances can lead to 
both positive and negative frequency dependence (while the 
dissipation factor is always positive). Negative frequency 
dependence is attributed to dissipative capacitances between 
contact pads or bond wires at opposite equipotential sides of 
the QHR device (i.e. capacitances in parallel to the Hall 
resistance). A positive contribution to the frequency 
dependence is attributed to dissipative capacitances between 
the 2DES and surrounding metals (i.e. capacitances in series to 
the Hall resistance) [25]. We expect the positive contributions 
to decrease with decreasing size of the QHR device, whereas 
the negative contributions should increase. Although the 
graphene device used here is relatively large for its kind, it is 
much smaller than conventional GaAs devices. Consequently, 
the negative contributions of our graphene device dominate. 
More detailed studies of the different contributions and 
of the dissipation factor of the SiC substrate and the ZEP520 
resist in comparison to a GaAs substrate will be carried out in 
the future. Measurements of the magnetocapacitance of the 
2DES and the associated dissipation factor [28] will enable 
further insight into the ac properties of graphene devices. 
Careful engineering of device and contact dimensions may 
allow achieving a frequency-independent quantum Hall 
resistance without need for a complex shielding method and 
the respective adjustments, leading to a graphene-based 
impedance standard which is as accurate as double-shielded 
GaAs devices, but more user-friendly and simpler to operate. 
In summary, we have shown that already the first ac 
measurements of the quantum Hall resistance in graphene at 
filling factor ν = 2 exhibit a wide plateau which is remarkably 
flat in the kHz frequency range and particularly exhibits no 
frequency-dependent curvature. It shows only a weak 
frequency dependence, comparable to that of plain GaAs 
devices without any complex shielding methods. We therefore 
expect that suitably optimized graphene devices should not 
only outperform the conventional devices in terms of lower 
magnetic field and higher temperature operation but also with 
respect to a simpler and more user-friendly operation with 
alternating current. A fundamental-constant-based quantum 
standard for both resistance and impedance would thus become 
reality, making calculable impedance artifacts dispensable and 
supporting the forthcoming redefinition of the SI. 
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1
  K. S. Novoselov, A. K. Geim, S. V. Morozov, D. Jiang, M. I. 
Katsnelson, I. V. Grigorieva, S. V. Dubonos, and A. A. Firsov, Nature 
438, 197 (2005). 
2
  Y. Zhang, Y.-W. Tan, H. L. Stormer, and P. Kim, Nature 438, 201 
(2005). 
3
 A. K. Geim and K. S. Novoselov, Nature Materials 6, 183 (2007). 
4
  F. Delahaye, Metrologia, 26, 63–68 (1989); F. Delahaye and B. 
Jeckelmann, Metrologia 40, 217 (2003).  
                                                                                 
5
  K. S. Novoselov, Z. Jiang, Y. Zhang, S. V. Morozov, H. L. Stormer, U. 
Zeitler, J. C. Maan, G. S. Boebinger, P. Kim, A. K. Geim, Science 315, 
1379 (2007).   
6
  A. Tzalenchuk, S. Lara-Avila, A. Kalaboukhov, S. Paolillo, M. 
Syväjärvi, R. Yakimova, O. Kazakova, T. J. B. M. Janssen, V. Fal’ko, 
S. Kubatkin, Nature Nanotechnology 5, 186 (2010). 
7
 M. Woszczyna, M. Friedemann, M. Götz, E. Pesel, K. Pierz, T. Wei-
mann, and F. J. Ahlers, Applied Physics Letters 100, 164106 (2012). 
8
 T. J. B. M. Janssen, N. E. Fletcher, R. Goebel, J. M. Williams, A. 
Tzalenchuk, R. Yakimova, S. Kubatkin, S. Lara-Avila and V. I. Fal’ko, 
New Journal of Physics 13, 093026 (2011). 
9
  A. Satrapinski, S. Novikov, and N. Lebedeva, Applied Physics Letters 
103, 173509 (2013). 
10
  The General Conference on Weights and Measures (CGPM), 24th 
Meeting, (2011), accessible via 
http://www.bipm.org/utils/en/pdf/24_CGPM_Resolution_1.pdf 
11
 Mise en pratique for the ampere and other electric units in the Interna-
tional System of Units (SI), Draft document, 26th meeting of the CCEM 
(Consultative Committee for Electricity and Magnetism), (2009), acces-
sible via http://www.bipm.org/cc/AllowedDocuments.jsp?cc=CCEM 
12
  J. Schurr, F. J. Ahlers, and B. P. Kibble, Measurement Science and 
Technology 23, 124009 (2012). 
13
 F. Overney, B. Jeanneret, B. Wood, and J. Schurr, IEEE Transactions 
on Instrumentation and Measurement 54, 658 (2005). 
14
 B. P. Kibble and J. Schurr, Metrologia 45, L25 (2008). 
15
  S. Novikov, Joni Hämäläinen, J. Walden, I. Iisakka, N. Lebedeva, and 
A. Satrapinski, 16th International Congress of Metrology, 13003 (2013),  
dx.doi.org/10.1051/metrology/201313003. 
16
  E. Vesapuisto, W. Kim, S. Novikov, H. Lipsanen, and P. Kuivalainen, 
Phys. Status Solidi B 248, 8, 1908–1914 (2011) 
17
  D. S. Lee, C. Riedl, B. Krauss, K. von Klitzing, U. Starke, and J. H. 
Smet, Nano Lett., 8, 4320-4325 (2008). 
18
  S. Lara-Avila, K. Moth-Poulsen, R. Yakimova, T. Bjørnholm, V. 
Fal’ko, A. Tzalenchuk, and S. Kubatkin, Advanced Materials 23, 878 
(2011). 
19
  At the current levels used in this study the electron temperature of the 
device may rise above that of the bath. It is, however, not straightfor-
ward to disentangle effects related to an increase of current level (or 
Hall electric field, for that matter) from indirect effects due to electron 
heating. In our study we purposely used current levels similar to, but 
slightly smaller than the currents used with GaAs QHR resistance stan-
dards, where an influence of electron heating on the precision of Hall 
resistance quantisation is not observed. All temperatures quoted in this 
paper are therefore bath temperatures only. 
20
 T. J. B. M. Janssen, A. Tzalenchuk, R. Yakimova, S. Kubatkin, S. Lara-
Avila, S. Kopylov, and V. I. Fal’ko, Physical Review B 83, 233402 
(2011). 
21
  S. Awan, B. P. Kibble, and J. Schurr, Coaxial electrical circuits for 
interference-free measurements (The IET, London, 2011). 
22
  F. Delahaye, J. Appl. Phys. 73, 7914 (1993). 
23
  F. Delahaye, Metrologia 31, 367 (1994/95). 
24
  J. Schurr, J. Melcher, A. von Campenhausen, G. Hein, F. J. Ahlers, and 
K. Pierz, Metrologia 39, 3 (2002). 
25
  B. Jeanneret and F. Overney, IEEE Trans. Instrum. Meas. 56/2, 431 
(2007). 
26
  T. J. Barber, D. G. Charlton, M. Warren, W. Murray, G. Villani, A. R. 
Weidberg, Nuclear Instruments and Methods in Physics Research A 
538, 442 (2005). 
27
  J. W. M. Rogers, C. Plett, Radio frequency integrated circuit design 
(Artech House, Norwood, 2010) p. 166. 
28
  J. Schurr, F. Ahlers, and K. Pierz, Metrologia 51, 235 (2014). 
